Three-dimensional (3D) numerical simulation of natural convection of an electrically conducting fluid under the influence of a magnetic field in an inclined cylindrical annulus has been performed. The inner and outer cylinders are maintained at uniform temperatures and other walls are thermally insulated. The governing equations of this fluid system are solved by a finite volume (FV) code based on SIMPLER solution scheme. Detailed numerical results of heat transfer rate, Lorentz force, temperature and electric fields have been presented for a wide range of Hartmann number (0 ≤ Ha ≤ 60) and inclination angle (0 ≤ γ ≤ 90). The results indicate that a magnetic field can control the magnetic convection of an electrically conducting fluid. Depending on the direction and strength of the magnetic field, the suppression of convective motion was observed. For vertical cylindrical annulus, increasing the strength of the magnetic field causes the loss symmetry, and as the consequence, isotherms lose their circular shape. With increasing the Hartmann number the average Nusselt number approaches a constant value. For vertical annulus, the effect of Hartmann number on the average Nusselt number is not prominent compared to the case of horizontal annulus.
Introduction
Magnetic field plays a vital role in many industrial applications such as cooling of electronic equipment, metal solidification, solar technology, heat exchangers and the like [Mahmoodi et al., 2015; Afrand et al., 2015] . In the casting process, free convection happens in a cavity filled with a liquid metal (electrically conducting fluid) due to a temperature difference between the solid walls and the liquid metal. Free convection flow in the melt causes the impurities to move. This phenomenon affects the structure of the final product including metal slab, ingot and so forth. Therefore, the melt must have a uniform temperature throughout the cavity to reduce thermal stresses and free convection. In recent decades, this problem has been untangled using magnetohydrodynamics (MHD), and free convection flow has decreased within the cavity by applying the magnetic field. In MHD, electrically conducting fluid flow in the presence of a magnetic field is investigated.
Investigation of hydromagnetic flow of an electrically conducting, viscous and incompressible fluid the within the channel, duct and cavity is of much significance due to its varied and wide applications in science and engineering. Several researchers investigated such fluid flow problem considering different aspects of the problem. Mention may be made of the research studies by Abbas et al. [2006] , Hayat et al. [2007 Hayat et al. [ , 2008 , Seth et al. [2010 Seth et al. [ , 2012 , Srinivas and Muthuraj [2010] , Jha and Apere [2011] , Awasthi and Agrawal [2012] , Ram and Kumar [2012] , Cai et al. [2012] and Asadi et al. [2013] . In addition, hydromagnetic convective flow of an electrically conducting fluid has been studied by many researchers including Pop et al. [2001] , Ghosh et al. [2002 Ghosh et al. [ , 2013 , Guria and Jana [2007] , Seth and Singh [2008] , Seth and Ansari [2009] and Afrand et al. [2014] .
When an electrically conducting fluid is exposed to a magnetic field, the Lorentz force is also active and interacts with the buoyancy force in governing the flow and temperature fields, and it can also control growing crystals. The phenomenon has also been successfully used in solidification processes to weaken the buoyancy driven flows. In this regard, Gao et al. [2007] displayed that totally equiaxed grains could be obtained in pure Al under the external effect of the pulsed magnetic field; yet, only thin columnar grains are formed in high-melting steel even when treated by the higher magnetic intensity.
Natural convection in a rectangular cavity has been investigated by many researchers including Rudraiah et al. [1995] , Piazza and Ciofalo [2006] , Pirmohammadi and Ghassemi [2009] , Sheikhzadeh et al. [2011] and Yu et al. [2013] . The annular geometry has been extensively investigated by many researchers using experimental, analytical and numerical methods. Afrand et al. [2014a] studied a steady, laminar, natural-convection flow under different directions of uniform magnetic field in a long horizontal annulus with isothermal walls. The fluid was gallium. The method of simulation is finite volume (FV) based on Patankar's SIMPLER method. Their results show that with increasing Hartmann number (Ha) the convective heat transfer decreases. In addition, it was observed that at low Rayleigh number, as the strength of the magnetic field increases, convection is damped and the heat transfer in the enclosure is mostly due to the conduction mode. Wrobel et al. [2010] investigated convection in an annular enclosure with a round rod core and a cylindrical outer wall containing paramagnetic fluid using an experimental and numerical analysis. It was concluded that the magnetic field yielded heat transfer values four times as high as those of the thermal Rayleigh number; thus, it influences heat transfer more efficiently, in comparison with increasing the thermal Rayleigh number. Steady fully developed laminar natural convective flow in open ended vertical concentric annuli in the presence of a radial magnetic field was considered analytically by Singh and Singh [2012] . They obtained temperature field for the cases of isothermal and constant heat flux on the inner cylinder of concentric annuli. Also, it was found that Hartmann number and the gap between cylinders play important roles in controlling the behavior of fluid flow. Natural convection in concentric horizontal annuli containing magnetic fluid under nonuniform magnetic fields was investigated experimentally by Sawada et al. [1993] . Two concentric cylinders made of copper were placed horizontally and maintained at constant temperatures. Various kinds of experiments were performed to clarify the effects of direction and the strength of magnetic fields on the natural convection. Their results showed that when a magnetic field gradient is applied in the same direction as the gravity, a wall-temperature distribution is observed as if an apparent gravity were increased. However, the clear influence of the magnetic field was not found. Also, when a magnetic field gradient is applied in the opposite direction of the gravity, the reverse natural convection occurs. Sankar et al. [2006] used implicit finite difference scheme to simulate the effect of axial or radial magnetic field on the natural convection in a vertical cylindrical annulus at low Prandtl number. The inner and outer cylinders were kept at constant temperatures and the horizontal top and bottom walls were thermally insulated. It was found that the flow and heat transfer were suppressed more effectively by an axial magnetic field in shallow cavity, whereas in tall cavities, a radial magnetic field was more effective. Also, it was observed that the average Nusselt number is increased with radii ratio but decreased with the Hartmann number. Furthermore, Venkatachalappa et al. [2011] reported the effect of axial or radial magnetic field on the double-diffusive natural convection in a vertical cylindrical annular cavity. From their results, it is found that the magnetic field suppresses the double diffusive convection only for small buoyancy ratios. But, for a larger buoyancy ratio, the magnetic field is effective in suppressing the thermal convective flow. Exact solutions for fully developed natural convection in an open-ended vertical concentric annuli under a radial magnetic field were presented by Singh et al. [1997] . It is observed that both velocity and temperature of the fluid are higher in case of isothermal condition compared to constant heat flux case when the gap between cylinders is less than or equal to the radius of inner cylinder while reverse phenomena occur when the gap between cylinders is greater than the radius of inner cylinder. The space between two concentric vertical cylinders containing a viscous incompressible and electrically conducting fluid exposed to a radial magnetic field was considered by Kumar and Singh [2013] . The effect of the Hartmann number and buoyancy force distribution parameter on the fluid velocity, induced magnetic field and induced current density have been analyzed using the graphs. It is observed that the fluid velocity and induced magnetic field are rapidly decreasing with the increase in the value of Hartmann number. Kakarantzas et al. [2011] investigated laminar and turbulent regimes of the liquid metal flow in a vertical annulus under constant horizontal magnetic field numerically. They have considered that flow is driven by using the volumetric heating and temperature difference between the two cylindrical walls. Their results illustrated that when the magnetic field increases, the flow becomes laminar. Also, they observed that the magnetic field causes the loss of axisymmetry of flow.
Review of these articles show that various parameters were studied in different works. From each work, different aspects of convection heat transfer in the presence of magnetic field have been studied and different results have been obtained each of which could be useful in its position. However, the effect of the magnetic field on an inclined annulus (by changing the enclosure from horizontal to vertical) is not presented in the literature. Subsequently, it seems that such research can make a good contribution to the field. Temperature and electric fields inside the enclosure are calculated and the effects of the magnetic field strength on transport phenomena are determined. The aim of the present study is to investigate free convection in an inclined annulus filled with molten potassium under horizontal magnetic field. The model used in this study is selected because of its applications in industry including tubing industry, heat exchangers, power generation and the like. In the present study, an FV scheme is used to solve nonlinear governing differential equations of the problem. In this study, the induced electric potential equation is solved and its effect on the Lorentz force is given.
Mathematical Formulation
The modeling considered in the present study is an inclined cylindrical annulus formed by two concentric cylinders of inner and outer radii, r i and r o , respectively as shown in Fig. 1 . The inner and outer cylinders are maintained at isothermal but different temperatures, T h and T c , respectively. The top and bottom walls are assumed to be adiabatic. The annulus is filled with a low Prandtl number fluid (Pr = 0.072), which is electrically conducting. The three-dimensional (3D) cylindrical coordinates (r, θ, z) with their corresponding velocity components (u, v, w) are clarified in Fig. 1 . It must be noted that in Fig. 1 , g is the gravity acceleration, γ is the angle of incline and B 0 is a uniform magnetic field, which is applied orthogonally to the z-and y-direction. All walls are assumed to be electrically insulated. Also, we assume that the induced magnetic field produced by the motion of an electrically conducting fluid is negligible compared to the applied magnetic field B 0 . By using the Boussinesq approximation, the equations governing steady, laminar, Newtonian, viscous, incompressible and electrically conducting fluid, after neglecting viscous and Ohmic dissipations in the 3D cylindrical co-ordinates (r, θ, z), are defined as follows:
Continuity equation:
Momentum equation:
Energy equation:
Electric potential equation:
Since the magnetic field is constant (B 0 = cte.), the first term of the right-hand side of Eq. (4) is zero
V is the vector of velocity, p is the pressure, µ is the dynamic viscosity, ρ is the fluid density, T is the temperature, α is the thermal diffusivity, β is the coefficient of thermal expansion, σ is the electrical conductivity, E is the induced electric field vector, J is the electric current density vector, F is the Lorentz force vector and φ is the electric potential. Also, ∇ and ∇ 2 are the gradient and Laplacian operators, respectively. For convenience, the governing equations are nondimensionalized using the following parameters:
In Eq. (6), D and L are the height and gap of annulus, respectively. With some mathematical manipulations, the governing equations given by Eqs. (1)- (4) can be expressed in dimensionless form as Dimensionless continuity equation:
Dimensionless momentum equation:
r-component:
θ-component: 
Dimensionless electric potential equation:
(12) In the above equations, Pr is the Prandtl number and Ra is the Rayleigh number defined as follows:
The effect of the magnetic field is introduced into the momentum and potential equations through the Hartmann number. The Hartmann number is defined as
The local and average Nusselt numbers along the inner cylinder are defined as follows:
No-slip conditions are assumed on all walls. Constant temperatures are considered at the inner (T * i = 1) and outer (T * o = 0) cylindrical walls and adiabatic conditions are considered at the bottom and top walls (∂T * /∂Z = 0). Also, all walls are assumed to be electrically insulated (∂Φ/∂n = 0).
Numerical Procedure
The governing equations along with the boundary conditions are solved numerically using the FV method. The diffusion terms in the governing equations are discretized using a second-order central difference scheme; meanwhile, for the hybrid scheme, which is a combination of the central difference scheme and the upwind scheme, it is used to discretize the convection terms. A staggered grid system together with the SIMPLER algorithm is adopted to solve the governing equations. The coupled systems of discretized equations are solved iteratively using the TDMA method [Patankar, 1980] . To obtain the converged solutions, an under-relaxation scheme is employed.
Grid Study and Validation
Different grid sizes are examined to ensure grid independence results. The tested grids and the obtained average Nusselt numbers are demonstrated in Table 1 . The results are obtained for inclined annulus with λ = 6.0, A = 3 and γ = 45
• containing liquid metal with Pr = 0.072. Also, Hartmann and Rayleigh numbers are 30 and 10 5 , respectively. According to Table 1 , a 60 × 60 × 60 grid is sufficiently fine in r, θ and z directions, respectively. In order to approve the numerical procedure, two test cases are examined using the proposed code. In the first test, the results are compared with the existing experimental results in the literature. In the absence of magnetic field, the numerical results are first validated with the experimental data obtained by Wrobel et al. [2010] as illustrated in left panel of Fig. 2 . The maximum discrepancy is within 8%. In the second test, a comparison is made between the present results and Kumar and Kalam's [1991] numerical data as depicted in the right panel of Fig. 2 . As shown, there is an agreement between the results. 
Results and Discussion
Natural convection of a low Prandtl number electrically conducting fluid in an inclined cylindrical annulus with isothermally heated and cooled vertical walls and adiabatic top and bottom walls in the presence of uniform magnetic field is studied numerically. According to the work done by Kakarantzas et al. [2011] , this annulus was considered with an aspect ratio A = 3, and radii ratio λ = 6, which is used in industries including the tubing industry, heat exchangers, power generation and the like. Simulations are performed for a wide range of Hartmann number (0 ≤ Ha ≤ 60) and inclination angle (0 ≤ γ ≤ 90). Also, it is assumed that Ra = 10 5 and Pr = 0.072. Figures 3 and 4 show the effect of the magnetic field (different Hartmann numbers from 0 to 40) on the temperature distribution inside the cylindrical annulus. This figure shows the isotherms at different inclination angles from γ = 0
• to γ = 90 in two cross sections perpendicular to x-direction and z-direction. At γ = 0
• , more dense isotherms can be observed under the hot wall, which is parallel to its direction; hence, higher heat transfer rate is achieved. Moreover, the flow is in symmetry along the z-direction due to absence of the buoyancy force. This symmetry is lost with increasing inclination angle; as a result, more dense isotherms are seen near annulus bottom. Comparison of Figs. 3 and 4 show that with increasing Ha, the density of isotherms is reduced and consequently, heat transfer is reduced for all inclination angles. This is due to the fact that with increasing the Hartmann number, Lorentz force is increased against the buoyancy force. Inspection of isotherms in different inclination angles makes it clear while at γ = 90
• , increasing the Hartmann number causes the loss of symmetry in θ-direction. The isotherms lose their circular shape, if being stretched in the y-direction. The induced electric field and the Lorentz force distribution at different sections under the influence of magnetic field (Ha = 20) at different inclination angles are presented in Figs. 5 and 6. As expressed in Eq. (5), the Lorentz force depends on two factors, E and (V × B 0 ). It is found from Fig. 5 that the maximum value of Lorentz force occurs at the magnetic field direction. More distance from this direction corresponds to lower values of Lorentz force. Also, Fig. 6 reveals that for the induced electric field, the above phenomenon is reversed. Therefore, in each area where the induced electric field is stronger, the Lorentz force is weaker. From Eq. (5) and Fig. 4 , it can be deduced that the induced electric field decreases the Lorentz force and (V × B 0 ) increases the Lorentz force in the present model. Figure 7 shows the effect of inclination angle and Hartmann number on the average Nusselt number for Ra = 10
5 . As expected, we can observe that for a given value of inclination angle average Nusselt number is a decreasing function of Hartmann number. This is due to the fact that with the increase in Hartmann number, the convection is progressively reduced by the magnetic drag resulting in a lower heat transfer. Also, with increasing the Hartmann number, the average Nusselt number approaches the constant value. This behavior indicates the conduction regime. In addition, it can be seen from this figure that for different inclination angles, the effect of Hartmann number on the average Nusselt number has almost the same trend. For higher inclination angles (vertical annulus), the effect of Hartmann number on the average Nusselt number is not prominent compared to the case of low inclination angles (horizontal annulus). At γ = 90
• , the minimum value of the average the Nusselt number for different Hartmann numbers is observed. This means that with increasing the inclination angle, the convection mode of heat transfer is suppressed. The numerical results for Ha = 0 and Ha = 30 at different inclination angles (γ = 0, γ = 45
• and γ = 90 • ) as a three-dimensional surface are plotted in Fig. 8 .
This figure illustrates the influence of inclination angle and Hartmann number on the local Nusselt number at the inner wall. It is observed that with increasing the Hartmann number, at all inclination angles, the local Nusselt number is decreased. This is due to the fact that by imposing the magnetic field, the fluid is retarded due to the action of the Lorentz force and thus, convective heat transfer decreases. Figure 8 (a) illustrates that the maximum Nusselt number occurs at 180
• . In this case, the Nusselt number along the length of the annulus is constant. Nusselt number near the annulus bottom is higher than its top while the annulus is considered vertical. This event is because of the fluid movement in opposite direction of g (due to the buoyancy force effect in free convection mechanism). Thickness of boundary layer increases as it goes higher leading to decrease in the temperature gradient; as a result, the heat transfer rate (N u) will decrease. Moreover, the symmetry can be seen at the θ-direction of annulus in Fig. 8(e) . The effects of magnetic field are shown in Figs. 8(b), 8(d) and 8(f) . It should be noted that the Lorentz force affects the whole annulus volume in the same way while annulus is horizontal. However, the amount of Lorentz force would be higher at some places and lower at the other ones with a change in annulus inclination until the least amounts of Nusselt number occur at the place of 90
• and 270
• . These points are in a plane, parallel to the magnetic field direction. At these points, since there is no induced electric field, the maximum value for Lorenz force is obtained. More distance from these points corresponds to higher values of Nusselt number, and its greatest values would occur at 0
• and 180
• ; representing a plane perpendicular to the magnetic field direction.
This phenomenon is obtained due to the higher values of electric field far away from these points; consequently, the Lorentz force will be decreased. This is in total agreement with the results obtained in Figs. 5 and 6.
Conclusion
Three-dimensional simulation of free convection in an inclined cylindrical annulus filled with molten potassium in the presence of uniform magnetic field was performed. Simulations were carried out for a wide range of Hartmann number and inclination angle. Results have been presented in the form of isotherms, Nusselt number, Lorentz force and induced electric field distribution. In view of the results and discussion, the main contributions of the present paper are as follows:
• Magnetic convection of electrically conducting fluid could be controlled by a magnetic field which depends on its direction and strength.
• For vertical cylindrical annulus, increasing the strength of the magnetic field causes the loss of axisymmetry, and consequently isotherms lose their circular shape.
• The horizontal magnetic field induces the electric potential which, in turn, reduces the Lorentz force against buoyancy force. Therefore, in each area, where the induced electric field is stronger, the Lorentz force is weaker.
• With increasing the Hartmann number, the average Nusselt number approaches the constant value, which indicates the conduction regime.
• For vertical annulus, the effect of Hartmann number on the average Nusselt number is not prominent compared to the case of horizontal annulus.
• In horizontal annulus, the Nusselt number along the length of the annulus is constant. Nusselt number near the annulus bottom is higher than its top while the annulus is considered vertical.
• The minimum value of Nusselt number occurs in x-direction, which is parallel to the magnetic field direction. 
